The synthesis of new Schiff base-like ligands with extended π-system and their iron complexes is described.
Introduction
Molecular switches continue to attract the interest of synthetic chemists due to potential applications in the field of sensing or memory devices.
1 Iron(II) spin crossover (SCO) complexes belong to this class of molecular switches as they can be switched between the diamagnetic low-spin (LS) and the paramagnetic high-spin (HS) state. 2 This switching process can be triggered by many different means. Next to physical stimuli like temperature, pressure, or light irradiation, the interaction with guest molecules 3 (especially for porous materials) or phase transitions 4 (e.g. for SCO materials with liquid crystalline properties) can initiate the spin transition. Of the different types of spin transition (gradual, abrupt, step-wise, with hysteresis) a special focus is set on spin transition with hysteresis, as this gives rise to bistability (memory effect) over a certain temperature region. Cooperative spin transitions with hysteresis are usually only observed in the solid state (bulk material or nanostructured materials), however it was recently shown that such phenomenon is also observable in solution. 5 For the display of hysteretic behaviour, intermolecular interactions are needed in order to transfer the structural changes associated with the spin transition from one molecule to another. Different strategies can be used to realise those intermolecular interactions that were also applied to the Schiff base-like ligands used in our group. Building short contacts between the complex molecules is one strategy to design SCO complexes with hysteresis. 6 If wider hysteresis loops are desired, a combination of short range and long range interactions as it is often obtained for 1D coordination polymers or ladder-like compounds is promising. 7 In the last years we investigated in detail the impact of hydrogen bonds on the hysteresis width of SCO complexes. 8, 9 One interaction we have not used in our iron(II) complexes so far is the π-π-interaction. However, there are examples in literature, where π-interactions between extended aromatic systems increase the width of the hysteresis loop. One series with the general composition [Fe(L) 2 NCS 2 ] (with L being a bidentate ligand 2,2′-bipyridine (bipy), phenantroline (phen), or dipyrido[3,2-a:2′3′-c]phenazine (dpp)) is discussed by Real and co-workers. 10 The systematic increase of the aromatic part of the ligand leads to improved π-stacking and by this to wider hysteresis loops. Indeed, for the dpp ligand a 40 K wide thermal hysteresis loop is observed. 11 Another example of a mononuclear complex with a 37 K wide hysteresis loop due to π-stacking was reported by Létard and co-workers. 12 Consequently we decided to modify our Schiff base-like ligands through the introduction of a naphthalene based ligand backbone. In Scheme 1, the general structure of the new ligands, their iron complexes, and the used abbreviations are given.
Results

Syntheses
The spin crossover (SCO) complexes were produced in a threestep synthesis, whose synthetic pathway is given in Scheme 1. Firstly the new naphthalene-based Schiff base-like ligands H 2 Lx (1-4) were synthesised, then the precursor methanol complexes [FeLx(MeOH) n ] (5-8) were formed by reaction with iron(II) acetate, which were finally converted to the target SCO the solid state. This is due to strong charge transfer between the iron centre and the ligand, as observed for similar compounds in literature. [14] [15] [16] It is usual for this type of complexes that two methanol molecules coordinate the iron(II) centre on axial positions, as shown for the phenyl-, 17,18 dialkoxyphenyl- 19, 20 and dihydroxyphenyl-21 derivatives of the same compound class. However, it was found by elemental analysis that for the naphthalene derivatives discussed in this manuscript the amount of coordinated methanol is depending on the substituents of the equatorial ligand. When the substituents are ester functions, like with L1 (R = -OEt) and L4 (R = -OMe), the complex will have two methanol coordinated to the iron centre. When the substituents are ketone functions, like L2 (R = -Me) and L3 (R = -Ph), no coordinating methanol was found. Those results were confirmed by the determination of the crystal structure of Oxidation products. A crucial point during the synthesis is the identification of possible Fe(III) species produced during the synthesis of the SCO complexes. Therefore, mother liquors of the starting methanol complexes were left to slowly evaporate in the air. In the cases of compounds 5 and 8, a few monocrystals of the corresponding μ-oxido-bridged binuclear iron(III) complexes 19 and 20 could be obtained. Those were sufficient for the analysis of the X-ray structures, however, the amount was too small for a further characterisation of the complexes.
Scheme 1 Pathway of synthesis of the SCO complexes described in this work and used abbreviations. Fig. 1 ). Then the sample undergoes a second abrupt SCO step with a T 2 of 149 K. The magnetic susceptibility product remains constant with a value of 0.10 cm 3 K mol −1 until 10 K, which is in agreement with an iron(II) centre in the LS state. Upon several temperature cycles, the magnetic properties of 15 are stable.
X-ray structure analysis H 2 L2 (2). Suitable crystals for X-ray diffraction were obtained from a water/dioxane vapour-vapour diffusion setup.
The structure of yellow needles of the composition 2·0.5H 2 O·0.25 dioxane was determined. Crystallographic data are summarised in Table 2 . The compound crystallises in the triclinic space group P1, and the asymmetric unit contains two H 2 L2 molecules, a water molecule and half a dioxane solvent molecule. ORTEP drawing of a H 2 L2 molecule is displayed in Fig. 2 . Refinement of the ligand molecules and dioxane solvent molecule went smoothly, however the hydrogen atoms of the water molecule could not be refined. The ligand molecule can exist in two different tautomers: a keto-enamine form or an imino-enol form.
The crystal structure shows the molecule in its ketoenamine form as the C1-C2 and C15-C16 bonds can be attributed to single bonds (respectively 1.459(6) and 1.452 (6)), and the C2-C3 and C14-C15 bonds can be attributed to double bonds (respectively 1.380(6) and 1.378 (5)). This observation is in agreement with similar phenylene Schiff base-like ligand published in literature. 18, 23 Two intramolecular hydrogen bonds are present, both between the nitrogen of the enamine and the oxygen of the ketone (Table 3 ). π-π interactions are present between the stacked ligand molecules, with a distance of 3.55 Å between the centroids of the first ring of the naphthalene (C4-C5-C6-C11-C12-C13). This shows that the complexes produced with this ligand have potential to also form π-π interactions.
[FeL2] (6). Suitable crystals for X-ray diffraction were obtained from the synthesis. The determination of the structure was of high interest as the elemental analysis showed that no methanol was present in the compound, and therefore a square planar coordination sphere could be assumed. The crystallographic data are summarised in Table 2 . The sample crystallises in the orthorhombic space group Pbcn. The asym- 
a Short contacts measured with mercury as the distances or angles exceed the threshold of PLATON.
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This journal is © The Royal Society of Chemistry 2015 Fig. 3 . Solvent accessible voids of 198.9 Å 3 per unit cell (10%) were found by PLATON, however no solvent was found in the structure. Voids pictures are shown in Fig. 4 . Although the structure shows voids, they seem to be inaccessible to solvent molecules, as the diameter of the "channels" is only 2 Å. Perhaps small gas molecules could be inserted in the network but this study falls out of the scope of this paper. Powder diffraction proved the bulk material to be isostructural to the crystals (ESI Fig. S3 Upon SCO, the volume of the cell of 10 is reduced by 2.5%, in agreement with the volume reduction of the coordination sphere of the iron centre as it switches from HS to LS state. 27 The complex shows a strong saddle shape with an angle of 11.54°in the HS and 10.53°in the LS state between the , of C-H⋯O bridges and C-H⋯π interactions between axial pyridine and two neighbouring molecules. The latter C-H⋯O bridges connect to the oxygen atoms of the coordination sphere, which has been shown to have dramatic influence on SCO properties. 9 The two different planes (Fe1 and Fe2) actually build the same network, although similar short contacts do not have the exact same distance, especially regarding C-H⋯O bridges connecting to coordinating oxygen (O101, O102, O201, O202). The non-coordinating pyridine solvent molecules occupy interplanar position, binding to the planes through C-H⋯O and C-H⋯N bridges. Distances and angles of discussed short contacts are listed in Tables 3 and 5 . The crystal packing of the 2D network is depicted in Fig. 7 . The crystal packing of 12 is dominated by two strong interactions. Firstly, C-H⋯O bridges link one of the ethyl ester oxygens (O5) to a neighbouring phenylpyridine aromatic ring (C45-H45, C46-H46) and form a 1D chain of complexes along [100]. Secondly, an unusual overlap of the methyl ester group with the nearby naphthalene ring (-O6-C22vO5⋯π) forming pairs of complexes. and C-H⋯O bridges are shown in Fig. 8 , distances and angles of discussed short contacts are listed in Tables 3 and 5 .
[
μ-O-(FeL1) 2 ] (19) and [μ-O-(FeL4) 2 ] (20)
. μ-Oxido complexes are the usual oxidation product of the iron(II) complexes when in contact with oxygen. Identifying such potential side-product is critical for the good proceedings of syntheses and analyses. Crystals suitable for X-ray diffraction were obtained from slow evaporation of a methanolic solution of [FeLx(MeOH) 2 ] in the air. The crystallographic data are summarised in Table 2 . Both compounds crystallise in the triclinic space group P1, with an asymmetric unit containing one μ-oxido complex with the two iron(III) centres lying in a N 2 O 3 coordination sphere. All square based pyramid iron(III) are connected through a μ-oxido bridge. The ORTEP drawing of the asymmetric units are shown in ESI, Fig. S6 . † Bond lengths and angles within the coordination sphere are listed in Table 4 , and are in agreement with similar published compounds. 20, 24 As for the SCO com- 
Discussion
Intermolecular interactions in the crystal packing result in cooperative interactions during the spin transition. These can result in abrupt spin transitions, thermal hysteresis loops, or step-wise spin transitions. Based on the structural data a deeper understanding of the different spin crossover properties is possible. Compound 10 shows an abrupt SCO behaviour (Fig. 1) , which can be due to either to a phase transition during SCO, or due to other cooperative effects between the complexes in the solid state. The determination of the crystal structure in both spin states proved that no phase transition is involved during SCO. Cooperative interactions can arise from intermolecular contacts, and the packing of the crystal structure of 10 revealed, in both spin states, the formation of 1D chains through C-H⋯π interactions and C-H⋯O bridges between the complexes. Thus the Schiff base-like ligand was modified successfully and π-interactions are observed and lead to cooperative interactions between the complex molecules. Compounds 12 and 14 show both an abrupt SCO with a hysteresis of 10 K. Powder diffraction of both samples in both spin states showed that no phase transition is involved through the ST, therefore attributing the hysteresis phenomena observed to cooperative effects. The powder diffraction patterns are shown in ESI (Fig. S4-S5 †) . In the crystal packing of 12, strong interactions between complexes are present, especially C-H⋯O bridges and -O-CvO⋯π interactions connect all spin centres in a 3D network. This is responsible for the high cooperativity observed for these mononuclear complexes. It would have been of course interesting to have the structure of the HS state in order to pinpoint which interaction plays a determining role in the SCO. Unfortunately the low quality and low stability of the crystal at high temperature did not allow the determination of the structure in the HS state. Powder diffractograms of 12 and 14 were compared in order to determine if the compounds are isostructural, as their SCO behaviour is very similar and just shifted in temperature. Because of the complexity of the diffractograms, arising from the low symmetry of the crystal structures, no clear conclusions can be drawn about the isostructurality of samples 12 and 14.
Compounds 11 and 15 show both a two-step SCO. Such spin crossover are often related to different iron sites within the structure of the samples. 29 The crystal structure of 11 confirmed this hypothesis as it shows a bi-layered packing with two different iron(II) centres arranged in layers separated by layers of non-coordinating pyridine solvent molecules. As no crystals suitable for X-ray analysis could be obtained for com- pound 15, a room temperature Mössbauer spectrum was measured. It shows an asymmetric doublet signal with the following hyperfine parameters: δ = 0.908(6), ΔE Q = 2.066 (12) and Γ/2 = 0.174 (13) , which are in the region for an HS Fe(II) complex. 6, 16, 29 The asymmetry of the peaks is characteristic for two slightly different doublet, as the right peak is larger than the left peak. It was however not possible to correctly fit the doublet signal with two sites. The Mössbauer spectrum is presented in the ESI, Fig. S8 . † For the crystal structures of the SCO complexes discussed in this work, C-H⋯π interactions and C-H⋯O bridges strongly influence the crystal packing. For the related phenylene based complexes, only C-H⋯O bridges were observed. 15, 16, 25, 29, 30 The additional C-H⋯π interactions lead to a more frequent observation of interesting SCO properties. Out of the 10 naphthalene based complexes presented here, two showed a ST with a 10 K wide hysteresis and in two cases steps in the transition curve were observed. For comparison, for the 18 phenylene based mononuclear complexes reported so far, only one step-wise spin transition and two spin transitions with hysteresis (9 K and 70 K) were observed. 25, 31, 32 The 70 K hysteresis does not fit into this comparison due to the use of imidazole as axial ligand that allowed the formation of an extended N-H⋯O hydrogen bond network between the complexes. 
Experimental section
Synthesis
Methanol (MeOH) and ethanol (EtOH) were purified by distillation over magnesium under argon. 33 Toluene and pyridine were of analytical grade and degassed under argon, pyridine was kept on a 4 Å molecular sieve. Ethoxymethyleneethylacetoacetate, 34 ethoxymethyleneacetylacetone, ethoxymethylenebenzoylacetone, 34 methoxymethylenemethylacetoacetate, 18 and iron(II) acetate 35 were synthesised as described in literature. Dioxane (Sigma, 99+%), 2,3-diaminonaphthalene (Alfa Aesar, 97%), 4-(dimethylamino)pyridine (dmap; Merck, 99%) and 4-phenylpyridine ( phpy; Acros, 99%) were used without further purification. All syntheses with iron(II) were carried out under argon using Schlenk tube techniques. CHN analyses were measured with a Vario El III from Elementar AnalysenSysteme. Mass spectra were recorded with a Finnigan MAT 8500 with a data system MASPEC II. H 2 L1 (1). 2,3-Diaminonaphthalene (2 g) was dissolved in 40 mL toluene. Ethoxymethyleneethylacetoacetate (5.18 g) was dissolved in 40 mL EtOH and added to the 2,3-diaminonaphthalene solution. The brown solution was stirred and refluxed for 2 hours. The mixture was then allowed to cool down to room temperature, and the solvent was removed under reduced pressure to give crude H 2 L1 as brown solid. The latter solid was dissolved in 50 mL EtOH, stirred and refluxed during 10 min, then allowed to cool down to room temperature. The beige crystals were filtered off, washed with EtOH (2 × 10 mL) and dried in vacuo. Yield: 3.99 g (72%). IR: ν = 3156(b) (NH), 1654(s) (CO), 1648(s) (CO) cm 7 Hz, -CH 2 -, 4H), 2.60 (s, -CH 3 , 6H), 1.36 (t, J = 7 Hz, -CH 3 , 6H). H 2 L2 (2). 2,3-Diaminonaphthalene (2 g) was dissolved in 40 mL toluene. Ethoxymethyleneacetylacetone (3.96 g) was dissolved in 40 mL MeOH and added to the 2,3-diaminonaphthalene solution. The yellow solution was stirred and refluxed for 2 hours. The mixture was then allowed to cool down to room temperature, and the yellow crystals were filtered off, washed with MeOH (2 × 10 mL) and dried in vacuo. The crystals were recrystallized from dioxane to give pure H 2 L2. H 2 L3 (3). 2,3-Diaminonaphthalene (2 g) was dissolved in 40 mL toluene. Ethoxymethylenebenzoylacetone (6.51 g) was dissolved in 40 mL MeOH and added to the 2,3-diaminonaphthalene solution. The brown solution was stirred and refluxed for 2 hours. The mixture was then allowed to cool down to room temperature, and the brown crystals were filtered off, washed with MeOH (2 × 10 mL) and dried in vacuo. The crystals were recrystallized from MeOH to give pure H 2 L3. Yield: 5.04 g (72%). IR: ν = 3204 (b) [FeL2] (6). 2 (2 g) and iron(II) acetate (1.1 g) were dissolved in 100 mL MeOH. The red suspension was stirred and refluxed during 1 hour. The mixture was then allowed to cool down to room temperature, and the black crystals were filtered off, washed with MeOH (2 × 5 mL) and dried in vacuo. [FeL3] (7). 3 (1.5 g) and iron(II) acetate (0.59 g) were dissolved in 100 mL MeOH. The red suspension was stirred and refluxed for 15 min. The mixture was then allowed to cool down to room temperature, and the black crystals were filtered off, washed with MeOH (2 × 15 mL) and dried in vacuo. Yield: [FeL4(MeOH) 2 ] (8). 4 (1.5 g) and iron(II) acetate (0.76 g) were dissolved in 100 mL MeOH. The red suspension was stirred and refluxed for 1 hour. The mixture was then allowed to cool down to room temperature, and the brown crystals were filtered off, washed with MeOH (2 × 5 mL) and dried in vacuo. Yield: 1.57 g (81% [FeL3( py) 2 ]·py (10). 7 (0.2 g) were dissolved in 15 mL pyridine. The brown solution was stirred and refluxed for 30 min. The mixture was then allowed to cool down and then 15 mL H 2 O was added to the solution, and the solution was left to stand at 277 K during 7 days. The black crystals were then filtered off, and dried in vacuo. Yield: 0.1 g (35% [μ-O-(FeL4) 2 ] (20) . Suitable crystals for X-ray diffraction were obtained from slow evaporation of a solution of 8 in MeOH in the air.
X-Ray structure analysis
The intensity data of 2·0.5C 4 H 8 O·0.5H 2 O were collected with a Bruker D8 Venture diffractometer, the intensity data of 5, 10 HS , 10 LS , 11, 12, 19 and 20 were collected with a Stoe IPDS II diffractometer, both diffractometer using graphite-monochromated MoK α radiation. The data were corrected for Lorentz and polarization effects. The structures were dissolved by direct methods (SIR-97) 36 and refined by full-matrix least-square techniques against F o 2 − F c 2 (SHELXL-97). 37 All hydrogen atoms were calculated in idealised positions with fixed displacement parameters. ORTEP-III 38 was used for the structure representation, SCHAKAL-99 39 to illustrate molecule packing and CrystalExplorer 40 for the representation of the voids.
CCDC 1040373-1040380 contain the supplementary crystallographic data for this paper.
Magnetic measurements
Magnetic susceptibility data were collected using a MPMSXL-5 SQUID magnetometer under an applied field of 0.5 T over the temperature range 2 to 400 K in the settle mode. The samples were placed in gelatin capsules held within a plastic straw. The data were corrected for the diamagnetic contributions of the ligands by using tabulated Pascal's constants and of the sample holder. 41 
Conclusions
In this work we presented the synthesis of a new ligand system for iron(II) spin crossover complexes with an increased potential for the observation of π-interactions due to the extended aromatic naphthalene unit compared to the previously used benzene unit. Ten new complexes with a high potential for the observation of spin crossover were synthesised and 50% of those complexes showed the desired properties. Of those, three showed a cooperative spin transition with a maximum hysteresis width of 10 K. The X-ray structure analysis of 10 and 12 revealed C-H⋯π interactions, C-H⋯O bridges, and -O-CvO⋯π interactions as reason for the abrupt spin transition, with hysteresis in the case of 12. The next step will be to extend the aromatic system further, e.g. by going to phenazinederivatives 42 in order to further increase the potential for π-stacking. Another possibility is to link the naphtalene-based Schiff base-like complexes to 1D chains and by this combine rigid linkers with π-stacking. This will be part of a following paper.
